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SUMMARY 


An optimal design program with constrained parameter optimization has been 
shown to be useful in evaluating the impact of certain flying-qualities design 
assumptions and in determining the sensitivity to several related parameter 
variations. Transports optimally configured with relaxed static stability 
showed a potential savings in direct operating cost of 1 .4 percent when compared 
with transports with conventional static margins. This corresponded to a fuel 
savings of 4.2 percent for the medium-range mission considered. Savings of 
nearly 1 percent in direct operating cost were also possible frcxii utilizing 
half the nominal center-of-gravity range of travel and from allowing the landing 
gear to be structurally dislocated from the wing. Requiring transports to be 
able to take off with the stabilizer trimmed in the most adverse position was 
shown to penalize the aircraft over 4 percent in direct operating cost. 

During the course of this study, it became obvious that there is a need 
for developing design criteria for the minimum flying qualities that are 
necessary for specifying the inherent stability and control characteristics of 
augmented transports. Most existing criteria did not have useful parameters 
for defining handling qualities of inherently unstable transports which rely 
upon augmentation systems. Furthermore, few flying-qualities data were avail- 
able in terms of factors that would be useful for developing appropriate 
inherent longitudinal-handling-qualities design criteria for transports con- 
figured to take maximum advantage of relaxed-static-stability augmentation 
systems . 


INTRODUCTION 

Active controls technology in aircraft design involves the application 
of automatic control systems which augment either the rigid or flexible body 
dynamics of the aircraft. This is done to enhance either performance, struc- 
tural efficiency, airframe lifetime, ride quality, or some other measure. 
Relaxed-static-stability augmentation systems (RSSAS) constitute an active 
controls concept that has already been successfully applied to fighter and 
supersonic transport configurations. Similarly, significant benefits are 
anticipated for subsonic commercial transports if the RSSAS concept could be 
applied (refs. 1 and 2). Utilization of RSSAS permits a more aft center-of- 
gravity position, which typically attenuates the required tail lift for trim, 
thereby reducing the induced drag of the tail. Stability reductions also per- 
mit smaller tail surfaces, which reduce wetted area drag and weight. 

The benefits of applying RSSAS to transports were initially hypothesized 
by conceptually retrofitting current configurations (refs. 3 and 4). The per- 
formance gains were estimated by adjusting center of gravity and tail size to 
minimize weight and tail drag while satisfying flying-qualities and control- 
power requirements. This scheme provided rough approximations of the potential 
benefits, but fell short of documenting the full benefits which would be 
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possible by applying RSSAS early in the design process. Currently, a program 
is underway to study the implications of minor configuration alterations at the 
preliminary design level which could enhance the application of active controls 
technology (ref. 5) . 

With respect to RSSAS, there are two major obstacles to hinder the reali- 
zation of the maximum performance improvements. First, syntheses of the config- 
urations under study are being heavily influenced by current hardware and, in 
reality, have only minor degrees of freedom in geometry. The designs are being 
optimized by classical engineering methods, which include intuition in achieving 
the proper balance between weight savings and performance improvements. It is 
assumed that the operating cost of the overall vehicle will then be optimized. 

Secondly, the first assumption required when designing a transport with 
an RSSAS is the level of the aerodynamic or inherent stability contribution 
toward the fully augmented flying qualities. If it can be assumed that it is 
always possible to augment an airplane to the desired level of flying qualities, 
the unaugmented flying qualities impact the design principally through failure 
mode considerations. It is still unresolved, even philosophically, what level 
of flying qualities a transport should have in the event of control system fail- 
ures (refs. 6 to 11). Design philosophies range from requiring excellent fly- 
ing qualities to having marginally safe handling qualities for landing and even 
to allowing loss of the aircraft (requiring fail-safe reliability in the auto- 
matic control system) . 

The study reported herein utilized a direct constrained optimization pro- 
cedure for the preliminary optimal design of transport aircraft for the purpose 
of identifying the full benefits of RSSAS. The aircraft geometry was optimally 
sized to yield the maximum obtainable improvements from RSSAS in terms of mini- 
mum direct operating cost per block hour. The flying-qualities and related con- 
straints were systematically varied to identify the configuration sensitivity 
to these assumptions. This information (which was presented in condensed form 
in ref. 12) should allow both designers and those concerned with flight safety 
to appreciate the impact of choosing appropriate unaugmented longitudinal- 
flying-qualities criteria upon the design of transports configured with RSSAS. 


SYMBOLS AND ABBREVIATIONS 


AR 

Ca$ 

Cd 


aspect ratio 

airplane cost, 1979 dollars 

drag coefficient, 2- 

qS 


^D,o 

Cp$ 


c . g . 


total drag coefficient at zero lift 
fuel cost per block hour, 1979 dollars 
center of gravity 
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qS 


^L,0 

^M$ 

D 

DOC 

g 

FARE 

IOC 

L 

L/D 

MAC 

MDOC 

MDOC 

n/Gt 

OPDOT 

P 

PR 

q 

rms 


lift coefficient, 

design lift coefficient of the airfoil section representing the center 
of the drag bucket 

maintenance cost per block hour, 1979 dollars 
drag , N 

direct operating cost per block hour, 1979 dollars 
acceleration due to gravity, 9.8 m/sec^ 

income per seat-kilometer required to generate a 15-percent ROI, 

1 979 dollars 

indirect operating cost per block hour, 1979 dollars 
lift, N 

aerodynamic efficiency, C^/Cq 

fuselage length, m 

mean aerodynamic chord, m 

modified direct operating cost per block hour, 1979 dollars 

modified direct operating cost per block hour for baseline config- 
uration, 1979 dollars 

steady-state normal acceleration change per unit change in angle of 
attack for an incremental longitudinal control deflection at 
constant airspeed, gravity units/radian 

computer program. Optimal Preliminary Design of a Transport 

savings in augmented direct operating cost, percent 

p = ^ ^ X 100 

MDOC 

pilot rating 

free-stream dynamic pressure, N/m^ 
root mean square with respect to mean 
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annual return on investment, percent 
relaxed-static-stability augnentation systems 
lifting surface area, 
installed thrust, N (Ibf) 
weight, N 

longitudinal landing gear position, fraction of the mean aerodynamic 
chord 

short- period damping ratio 
short-period natural frequency, sec“^ 

Subscripts: 
e empty 

max maximum 

t horizontal tail 

to take-off 

tot total 

w wing 


RDI 

RSSAS 

S 

T 

Wt 

Xig/MAC 


sp 

0) 

sp 


PROCEDURE 

Method of Calculation 

The oomputer program used for performing the trade studies during the 
flying-qualities analysis was OPDOT, Optimal Preliminary Design of a Trans- 
port, A more complete description of this computer program is presented in 
reference 13, The optimization indicated in reference 13 was performed using 
a modification of the secjuential simplex optimizer proposed in references 14 
and 15. The nonlinear programming logic is shown in figure 1. A trigonometric 
function transformation (ref. 16) was utilized which automatically scaled the 
independent design variables iterated by the optimizer and applied constraints 
directly to the design variables. Nominal values for the independent design 
variables (wing area, wing aspect ratio, fuselage length, horizontal- tail area, 
horizontal- tail aspect ratio, installed thrust, and c.g. location) were assuned, 
and a set of design constants were input into the data base (table I) . These 
constants were used to specify the mission, operating economics, nonvarying or 
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simply scaled geometries, and some of the nonlinear aerodynamic terms. These 
inputs were held constant throughout this analysis unless explicitly stated 
otherwise. 

The optimizer is a section of computer code which interacts with the data 
base, taking the current value of each design variable as input to generate a 
performance index. The performance index used as a figure-of -merit for this 
study was a modified direct operating cost per block hour (MD(3C) . This crite- 
rion, which was minimized by the optimizer within the constraint boundaries, 
involves the estimation of the cost performance from a simulated mission. A 
schematic for the logical flow of this section of computer code is shown in 
figure 2. 

The mission profile was a multiple-step classical (ref. 17) approximation 
to an optimal fuel-efficient flight path. This path began with a climb to alti- 
tude within the maximum speed regulations, followed by a cruise-climb at maxi- 
mum to maximize range factor, then a cruise-climb at maximum Cl/Cj), 

and finally a rapid descent to landing. The fuel usage of this profile has been 
shown to be within about 3 percent of a continuous optimally fuel-efficient 
flight path (ref. 18). Although this was not included in the cost relation- 
ships, the aircraft was sized to carry enough fuel to satisfy the reserve 
requirements. Since about 95 percent of the fuel burnoff is realized during 
the cruise-climb parts of the mission profile, the independent design variables 
and other design inputs will have the most impact on these portions of OPDOT's 
model of the transport operation. 

The aircraft weight was estimated in an iterative fashion from the equa- 
tions of references 17, 19, and 20. Although take-off weight is the summation 
of each of the estimated component weights as well as both the payload and fuel, 
the take-off weight was required by many of the statistical relations used to 
estimate each component weight. Each iteration of the optimizer was started 
with the take-off weight from the previous set of independent design variables. 
An entire mission was simulated, including the reserve segment for each weight 
iteration. If the difference between the last estimate of gross take-off weight 
and the calculated weight was greater than 0.22 newton, another iteration was 
begun with an updated estimate. The program averaged about four weight itera- 
tions per performance function call for an entire optimization. 

The aircraft was trimmed for cruising flight using a nonlinear, iterative 
method. The aerodynamic forces and moments were estimated using classical aero- 
nautics and statistically normalized data for supercritical aerodynamics. The 
drag was estimated using references 17 and 21 to 23. The wing was assumed to 
be supercritical, and the pitching moment and drag were estimated as a function 
of wing thickness ratio, Reynolds number, Mach number, and sweep using the tech- 
niques from references 17 and 23 to 27. 

Once the aircraft was trimmed, all the contributions of drag were summed 
to determine the required thrust and, hence, fuel consumption. A parabolic drag 
polar was assumed with a design of 0.4 representing the center of the 

airfoil section drag bucket. Drag contributions due to tail lift and tail/wing 
interference were estimated using biplane theory (refs. 2 and 28). The engine 
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performance and weight were scaled from a baseline engine as suggested by ref- 
erence 17. The engine operating characteristics were determined as a function 
of Mach number and altitude from a model developed in reference 18. 

The modified direct operating cost MDOC used the summation of the follow- 
ing costs: depreciation, support, spares, delay, insurance, fuel, maintenance, 

landing fee, crew, attendants, fuel service, and control. The parameter MDOC 
differs from industry standard methods by the inclusion of support, delay, 
attendants, fuel-service, control, and landing-fee costs. Operating costs were 
estimated using the relationships found in references 29 to 32. This study was 
performed with the fuel cost set at 0.2 U.S. dollars per liter ($0.75 per 
gallon). Parallel studies were also completed with fuel costs of up to 0.4 U.S. 
dollars per liter ($1.50 per gallon). The depreciation costs were calculated 
using the airplane purchase price estimated from reference 1 7 and assuming a 
residual of 12 percent and a depreciation period of 14 years. The inclusion 
of active controls resulted in an appropriate increase in the purchase price 
and maintenance cost as indicated by references 4, 5, and 20. It was assumed 
that the same level of reliability and dispatchability could be maintained and, 
therefore, that the inclusion of this new technology would not result in 
increased delays or higher insurance rates. 

After the performance function had been evaluated, the optimizer called 
a section of computer code which evaluated the set of constraints being applied. 
The list of available inequality constraints, which have upper and lower bound- 
aries, is shown in table II. The constraints that were selected and the limits 
that were imposed were the means by which the design was specified. There were 
both operational or design constraints and flying-quality constraints. 

A modified cost function was formed by adding penalty terms to the perfor- 
mance index function for each constraint function that violated its upper or 
lower limit. Each penalty was proportional to the square of the amount of the 
violation times a large weighting factor. When the optimizer minimized the 
modified cost function, it forced the constraint violations toward zero if the 
weighting factor was sufficiently large. Constraints that are on or near the 
boundary are said to be active. 

Constraint functions that involved the aircraft operation during cruise 
utilized data saved in the data base during the cruise portions. The aircraft 
aerodynamic moments and forces were determined, and it was alternately trimmed 
out in take-off or landing configurations at the appropriate speeds to deter- 
mine the performance, stability, and trim characteristics. The nondimens ional 
stability derivatives used for these analyses were saved in the data base for 
approach and cruise configurations. These were converted to dimensional deriv- 
atives (ref. 33) , and a fourth-order analysis of the longitudinal dynamics was 
performed using system routines at Langley Research Center. The roots of these 
differential equations were used to evaluate many of the flying-qualities param- 
eters which were part of the constraint functions. 

The optimization continued until satisfactory convergence was obtained. 
Typically, convergence required on the order of 1500 to 2200 calls of the per- 
formance function to generate an optimum augmented function, which resulted in 
the set of independent design variables with the minimum performance index that 
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satisfied the selected constraint functions. This required about 1600 seconds 
of execution time using the Langley Research Center computer facilities. 


Method of Comparison 

The results were normalized using a baseline set of design specifications. 
These specifications were primarily the mission inputs of table I along with 
the military level I flying-qualities criteria for transport aircraft (ref. 34). 
Final values for both the independent and dependent design variables which 
resulted from the optimization of the baseline mission are shown in table III 
along with a number of performance indices. As mentioned previously, the modi- 
fied direct operating cost per block hour was the figure-of-merit to which the 
configuration was optimized. Although the level I aircraft was obviously much 
more stable than current designs (static meu: gin of nearly 43 percent), it 
represents a good baseline, since it used the most conservative of the proposed 
criteria for the unaugmented flying qualities of transports. 

Since modified direct operating cost per block hour was the optimized per- 
formance index, all results are shown in terms of this quantity normalized by 
the baseline airplane performance. Specifically, percent savings in modified 
direct operating cost is the parameter that is plotted as a function of the 
various flying-qualities criteria being considered herein. It was calculated 
as follows: 


MDOC - MX3C 

Fdoc 


X 100 


RESULTS AND DISCUSSION 
Flying-Qualities Sensitivity Study 

Static margin, or the degree of stick-fixed static stability, has been the 
parameter by which most analyses of stability augmentation systems for trans- 
ports with active controls have been evaluated. Figure 3 shows the normalized 
modified-direct-operating-cost savings as a function of static margin during 
landing. The lower curve includes the impact of adding a flight control com- 
puter for augmenting the stability, while the upper curve represents not carry- 
ing an augmentation computer. The difference between the two curves is nearly 
constant since the computer is not scaled on the degree of instability? there- 
fore, it represents an initial investment penalty for the development, certifi- 
cation, and maintenance of a required automatic flight control system. Although 
the inclusion of a large flight computer is expected to provide the capability 
for significant improvements in other areas such as safety, operating effi- 
ciency, and cost managanent, in this case it is charged entirely to the RSSAS 
system. 

The savings in modified direct operating cost between an unaugmented 
stable aircraft representative of current configurations (20 percent static 
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margin) and an augmented unstable aircraft (-10 percent static margin) is 
approximately 1.4 percent. Since fuel cost makes up about 40 percent of the 
modified direct operating cost per block hour, the fuel savings between these 
two airplanes is about 4.2 percent, as can be seen in table III. This compares 
favorably with the 3- to 5-percent savings previously estimated for this class 
of aircraft with similar reductions in static stability (refs. 1 and 2). In 
terms of 1979 dollars as compared with the unaugmented 20-percent static margin 
design case, this is equivalent to a savings of about $86,400 per year, or $1.21 
million over the lifetime of the aircraft in MDOC. As fuel cost rises over 
the $0.20 per liter ($0.75 per gallon) used in this study, the savings projected 
will be even greater . 

These savings include a best estimate of the incremental costs from the 
extra engineering, flight testing, and quality control requirements that yield 
the subsequent increase in purchase price. Additionally, the increase in main- 
tenance costs is also reflected. The fact that such a large savings is still 
possible gives credence to the possibility that the technological and safety 
barriers that impede the use of RSSAS can be overcome in an economically feasi- 
ble fashion. 

The improvements noted in this comparison came principally from reductions 
in maximum take-off gross weight and in an improvement in maximum Cl/Cq. Sche- 
matic diagrams of the two aircraft are shown in figure 4, and key design data 
are compared in table III. The take-off gross weight was reduced 22 000 N 
(4946 Ibf) , with 7300 N (1 641 Ibf ) of it attributable to the 32-percent reduction 
of the tail area. The 3.9-percent improvement in maximum Cl/Cj) was due prin- 
cipally to a 17-percent reduction in total tail drag (wetted and induced). 

Another parameter that is often considered during flying-qualities analyses 
is manuever margin, or the degree of maneuver stability (ref. 4) . Maneuver 
stability is proportional to the elevator deflection required per unit gravity 
normal acceleration. Since it can be shown that the difference between static 
margin and maneuver margin is approximately constant for a given airplane 
(ref. 21 ) , the fact that savings in modified direct operating cost have a similar 
trend for both static margin and maneuver margin is not surprising (figs. 3 
and 5) . Since pilots would be unable to control an aircraft with a negative 
maneuver margin, allowing negative maneuver margin as a design criterion for 
unaugmented flying qualities would be tantamount to assuming that the airplane 
would be lost in the event of a control system failure. 

Time to double the amplitude of the longitudinal divergent dynamics is 
sometimes specified in flying-qualities criteria and considered in handling- 
qualities studies of unstable airplanes (ref. 7) . Since time-to-double values 
result from unstable root locations of the dynamic equations, they are criteria 
appropriate for studying the unaugmented motions of the airplane. The savings 
in modified direct operating cost as a function of time to double amplitude in 
approach are shown in figure 6. Initially, as the time to double is reduced 
from a marginally unstable value of 55 seconds, small decreases in direct oper- 
ating cost are obtained. However, as the time to double decreases further, the 
savings in direct operating cost increase rapidly until a value of 2 seconds 
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for time to double amplitude. At this point, the data show that other con- 
straints became critical and prevent any other improvements to be made in 
savings of modified direct operating cost fran reducing the time-to-double 
constraint. 


Flying-Qualities Design Criteria 

Generally, when flying-qualities design criteria or regulations are devel- 
oped, they enccmpass a variety of parameters in several flight conditions, for 
example, references 7 to 1 2 and 34. To provide the appropriate aerodynamic con- 
tribution to the stability, the unaugmented flying qualities must be specified. 
These inherent characteristics are significant when consideration is given to 
potential failure modes of the automatic flight control system. Philosophi- 
cally, it becomes a compromise based on the minjmun acceptable handling 
qualities . 

One set of longitudinal- flying-qualities criteria that designers have 
applied to the design of transports configured with RSSAS is the military 
flying-qualities specifications (ref. 34) . The short-period frequency require- 
ment in approach is one of the active constraints if these military specifica- 
tions are utilized as design criteria. Short-period frequency is plotted in 
figure 7 with the narrow range of applicability, in terms of n/a, for this 
study shown. Assuming constant n/ot, the sensitivity of optimal direct oper- 
ating cost to short-period frequency constraint is shown in figure 8. 

As expected, substantial benefits were initially realized when relaxing 
the short-period frequency criterion frcm level I to levels II and III. The 
economic improvement was anticipated because it is generally accepted that 
level I for transports is extremely harsh (ref. 35) . Observing the large tail 
surfaces of the baseline configuration (level I) in table III helps to illus- 
trate this point. In fact, reference 35 points out that modern transports do 
not, in general, satisfy these criteria without augnentation, in spite of their 
generally acceptable flying qualities. 

The problem with the military specifications and a number of other 
longitudinal-flying-qualities design criteria (refs. 10 and 11) is that they 
rely upon specifying modal damping ratios and frequencies. In the case of 
unstable airplanes, discussion of the dynamic longitudinal modes in terms of 
damping ratios and frequencies loses its meaning. Therefore, new longitudinal- 
flying-qualities design criteria are needed for transports configured with a 
reduced static margin. 

The criteria proposed in references 8 and 9 have parameters which could 
be useful for imposing flying-qualities specifications for longitudinally 
unstable airplanes at the preliminary design level. These criteria are shown 
in figure 9. The abscissa and ordinate are coefficients of the characteristic 
polyncmial that results from a linear analysis of the short-period mode, enabl- 
ing easy consideration as constraint functions. However, the region Indicated 
in the figure by a dashed line is where unaugmented transports designed with 
RSSAS are expected to fall, which is outside the area containing the flying- 
qualities data. This lack of appropriate data illustrates another problem in 
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designing transports with RSSAS. Although the representation of flying quali- 
ties in figure 9 would be useful for developing longitudinal-flying-qualities 
design criteria, there is a need to collect simulator and flight test data with 
respect to the minimum acceptable handling qualities of transports. 


Impact of Related Design Constants 

Landing gear location .- Several design constants that were input for the 
baseline mission have a significant impact upon stability and control charac- 
teristics. One such factor is the main landing gear location. Current practice 
requires that its structure be located such that the loads are carried in the 
wing spar. Industry estimates that the maximum aft position that is structur- 
ally feasible is 65 percent of the mean aerodynamic chord (ref. 5) . Since a 
margin between the center of gravity and landing gear is necessary to insure 
enough nose-wheel steering traction, and since the supercritical airfoil data 
used in OPDOT assume large pitching moments in cruise, the main gear position 
usually constrains the most aft allowable center-of-gravity position for 
transports with reduced static stability. 

Figure 1 0 shows the impact of relaxing this constraint for each of the 
three levels of military flying qualities. Nearly 1 percent savings in modified 
direct operating cost per block hour could be realized by allowing the main gear 
to be located off the spar, provided that the structural weight penalties asso- 
ciated with the relocation would be negligible. Since this corresponds to a 
fuel savings of about 3 percent, it suggests a possible area for further 
research. 

Loadability .- Another factor that had a bearing upon the results reported 
herein was an assumption that the allowable center-of-gravity range be at least 
1.2 meters (4 feet). The impact of reducing the required loadability from 
1.2 meters to 0.61 meter (2 feet) to 0 meters is shown in figure 11. It is 
readily apparent that the biggest improvements came from the first reduction to 
0.61 meter. Only modest improvements were possible with further reduction, and 
this analysis ignores the cost of installing and operating a center-of-gravity 
control system that would certainly be necessary in this region of loadability. 
However, since the benefits in modified direct operating cost were slightly 
greater than 1 percent (3.2 percent savings in fuel), it may be worthwhile to 
pursue schemes to allow such reductions. The new generation of transport 
designs already incorporate load cells in the gear with computer monitoring for 
the optimal placement of cargo at the gate. 

Take-off stabilizer trim angle .- Manufacturers have been expected to 
demonstrate that their transports are capable of satisfying the nose gear 
unstick requirement with the horizontal stabilizer in the most adverse trim 
position. This constraint, which is satisfied at the forward center-of- 
gravity limit, was shown to be extremely harsh. In fact, savings in direct 
operating cost of over 4 percent were indicated when the stabilizer was allowed 
to be trimmed to the position anticipated for climbout. It seems highly rea- 
sonable that for the corresponding $3.9 million that could be saved during the 
lifetime of the airplane, a suitable compromise between added complexity and 
safety could be reached to insure proper tail positioning during take-off. 



Related Observations 


Useful information for the aircraft designer would be a list of the design 
constraints that tended to be active at the optimal design point. It was deter- 
mined from studying the program output that virtually without exception the 
following constraints were active at the converged solution point: (1 ) cruise 

thrust; (2) second-segment climb gradient; (3) landing field length; (4) nose- 
wheel steering traction; and (5) passenger volume. The first two were roost 
sensitive to changes in thrust and wing aspect ratio, while landing field length 
was roost influenced by wing area. Nose-wheel steering traction was a function 
of aft center of gravity, and passenger volume required a minimum fuselage 
length. As anticipated, the chosen flying-qualities constraint parameters were 
also active at the design point, and the solution was principally affected by 
this constraint through adjustments to the horizontal-tail area and aspect ratio 

Reference 36 predicts that the optimum tail load, in terms of drag, would 
be a download for high downwash gradients. The low-tail geometry of this study 
was located in regions of high downwash; therefore, it was no surprise when the 
optimum design points for all configurations had tail lift coefficients ranging 
between -0.05 and -0.12. This result was not assumed in the formulation, but 
a model of downwash and multiple-lifting-surface interference effects was 
included in the performance evaluation. The optimizer adjusted the design 
variables, principally in this case those which impacted tail volume and center 
of gravity, to obtain the minimum cost in the presence of control and stability 
constraints. This result helped to validate the conclusions of reference 36. 

As indicated in references 12 and 13, an analysis was performed to insure 
that (1 ) the unaugmented configuration was capable of being augmented to good 
flying qualities; (2) the control deflections required for augmentation would 
be sufficiently small to avoid significant control surface drag contributions; 
and (3) the control surface deflection rates commanded by the automatic control 
system would be sufficiently low in turbulence to be achievable. These goals 
were accomplished by simulating a pitch-attitude-hold/pitch-rate-command auto- 
pilot in heavy turbulence. 

The following factors were then available as inequality constraint func- 
tions in cruise and approach: (1 ) pitch attitude feedback gain, (2) pitch rate 

feedback gain, (3) variance of elevator deflection in turbulence, and (4) vari- 
ance of elevator deflection rate in turbulence. However, except for when the 
unaugmented configuration was designed for extremely low time-to-double and 
maneuver margin, all configurations that the optimization generated satisfied 
these constraints. This was an indication that for the range of values con- 
sidered in the research, the resulting configurations could be augmented to good 
flying qualities. 

Since the price of fuel has already matched the $0.20 per liter ($0.75 per 
gallon) used in this study, a series of design runs was performed with higher 
fuel prices. When the baseline was reconfigured to reflect the inflated fuel 
prices, it was observed that the same trends existed with slightly greater mag- 
nitudes in savings with respect to the flying-qualities parameters. This 
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indicates that the benefits of utilizing new active controls technologies to 
reduce the inherent static stability should be increasingly significant as fuel 
price escalates. 


CONCLUDING REMARKS 

A series of design runs utilizing a computer program for the optimal pre- 
liminary design of transport aircraft was used to study the impact of unaug- 
mented flying-qualities design criteria and the influence of utilizing relaxed- 
static-stability augnentation systems. Transports optimally configured with 
relaxed static stability showed a potential savings in direct operating cost 
of 1.4 percent when compared with transports with conventional static margins. 
This translates into a fuel savings of 4.2 percent for the 5600-kilometer 
(3000-nautical-mile) range, 200-seat transport with a cruising Mach number of 
0.8 which is considered in this report. Similar trends of savings can be 
observed when evaluating static margin, maneuver margin, or time to double 
amplitude as the constraining handling-qualities parameter. 

It was observed that the same trends of savings in direct operating cost 
were expected for large variations in fuel price. It was also shown that 
efforts to remove the maximum rearward position constraint on the landing gear 
would be rewarded with gains of nearly 1 percent in modified direct operating 
cost. Additionally, a reduction of allowable center-of-gravity range from 
about 1.2 meters to about 0.6 meter could save nearly 1 percent in modified 
direct operating cost. A constraint to require the elevator to rotate the 
aircraft during take-off with the stabilizer in its most adverse position was 
found to be very harsh in terms of economic profitability, penalizing the air- 
craft over 4 percent in direct operating cost. 

Constraints to insure enough thrust in cruise, to satisfy second-segnent 
climb gradients, to fulfill landing field length requirements, to provide enough 
traction for nose wheel steering, and to allow enough volutie for passengers were 
shown to be active at the design point along with the critical flying-qualities 
criteria. The optimum airplane tended to fly the cruise mission with a download 
on the tail as was predicted for an airplane with the horizontal tail in the 
influence of a strong downwash field. 

In the course of the study, it was determined, through the hypothetical 
design and evaluation of a simple autopilot, that the designs considered were 
practically augmentable to good flying qualities. The rms deflections and rates 
of deflection of the elevator due to heavy turbulence were acceptable as were 
the feedback gains required to achieve satisfactory augmentation. 

Most of the flying-qualities criteria proposed for unaugmented transports 
proved to be inappropriate, since trying to specify a modal frequency and damp- 
ing ratio loses its significance for unstable airplanes. In particular, it was 
shown that the military specifications, when used for unaugmented airplane 
flying-qualities design criteria, were particularly harsh for this category 
of aircraft. 
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It is reccnunended that systematic flight and simulation research be under- 
taken to provide a data base for developing useful unaugnented flying-qualities 
design criteria for transports configured with relaxed static stability. Fur- 
thermorer an integrated effort between the designer and the handling-qualities 
specialist is required in order (1) to enhance the applicability of new criteria 
to design methodologies; (2) to maintain sufficient margins of flight safety; 
and (3) to insure that econonic profitability is considered as any new criteria 
are developed. 


Langley Research Center 

National Aeronautics and Space Administration 
Hampton, VA 23665 
November 18, 1980 
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TABLE I.- KEY DESIGN CONSTANTS UTILIZED FOR DESIGN OPTIMIZATION 


(a) Mission 

Cruise Mach number 0.80 

Divergence Mach nunber 0.84 

Design range, km 5600 

Nunaber of seats 200 

Cargo, N 33 400 

Maximum lift coefficient 3.15 

Landing field requirement, m 2440 

Take-off field requironent, m 3050 

(b) Geanetry 

Wing sweep angle, deg 26.4 

Wing thickness ratio 0.12 

Wing taper ratio 0.38 

Wing incidence angle, deg 2 

Wing geonetric twist, deg 5 

Tail thickness ratio 0.10 

Tail sweep angle, deg 30 

Tail taper ratio 0.4 

Vertical- tail sweep, deg 35 

Ratio of rudder area to vertical- tail area 0.30 

Ratio of elevator chord to horizontal- tail chord 0.25 

Ratio of flap span to wing span 0.6 

Maximun flap deflection, deg 45 

Fuselage diameter, 5.08 

Height of aerodynamic center above c.g., fraction MAC 0.08 

Height of thrust vector above c.g., fraction MAC -0.12 

Height of horizontal tail above c.g 0 

Nunber of engines 2 
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TABLE I.- CONCLUDED 


(c) Economics 

Fuel cost, $/L 0.20 

Load factor 0.55 

Passenger revenue, ^/seat-km 4.9 

Utilization rate, hr/yr 3200 

Depreciation period, yr 14 

Residual value, % 12 

Tax rate 0.48 

Year of study . 1 979 

Assumed annual inflation rate 0.07 

Nunber of prototype aircraft 2 

Aircraft fleet size 250 

Initial production rate, per month 0.5 

Full production rate, per month ..... 5 

Engineering rate (1 974), $/hr 19.55 

Tooling rate (1974), $/hr 14.00 

Labor rate (1 974), $/hr 10.90 

Engines for test aircraft 3 

Ratio of manufacturer *s airframe weight to take-off weight .... 0.75 

(d) Miscellaneous 

Maximum dynamic pressure, N/m^ 5.13 

Pressurized volume, m^ 178.2 

Number of pilots 3 

Number of attendants 8 

Air conditioning flow rate, kg/min 200 

Autopilot channels (with multiplexers) 5 

Generator capacity, kV-A 750 

Maintenance complexity factor 1.6 

Hydraulics volume flow rate, L/min 300 

Number of inertial platform systems 1 

Ratio of auxiliary-power-unit on-time to engine on-time 0.1 

Ratio of first class to economy seating 0.15 

Maximum speed, m/s 248.5 

Airfoil design lift coefficient . 0.5 

Baseline engine CF-6 

Elevator servo time constant, sec 0.1 

Curved windshield 
Supercritical airfoil technology 
Some nonlinear aerodynamics terms 
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TABLE II.- SAMPLE INEQUALITY CONSTRAINT FUNCTIONS AVAILABLE 


DURING DESIGN OPTIMIZATION 


Mission 

Cruise thrust 

Second- segment climb gradient 
Missed-approach climb gradient 
Landing field length 
Take-off field length 
Passenger volume 
Cruise altitude 
Fuel volume 

Cruise lift coefficient 
Control 

Nose gear steering traction 
Nose gear unstick during take-off 
Tail-lift-coefficient stall margin in approach 
Elevator deflection^ 

Stability 

Static margin^ 

Maneuver margin^ 

Short period frequency^ 

Short period damping^ 

Phugoid frequency^ 

Phugoid damping^ 

Mode frequency ratio^ 

Time- to- half (double) ^ 

Vertical response factor^ 

Autopilot 

Pitch feedback gain^ 

Pitch rate feedback gain^ 

Elevator variance^ 

Elevator rate variance^ 

^Available for both cruise and approach configurations. 



TABLE III.“ CHARACTERISTICS OF 


Independent design variables 


Design case 


ARw 

m 

St, 

1.2 

ARt 

T, 

kN 

c.g,, 
% MAC 

Wtw, 

kN 

wtt, 

kN 

Wte, 

kN 

Wtto, 

kN 

Fuel, 

L 

Level I^ (baseline) 

199.3 

10.75 

52 

.7 

103.6 

6.38 

338.4 

36 

145.5 

44.2 

677.7 

1230 

26 

033 

Level II 3 

188.7 

11.66 



84.4 

5.16 

31 3.2 

46 

149.4 

34.4 

657.0 

1192 

24 

235 

Level III^ 

188.6 

11.65 



84.1 

5.15 

313.2 

46 

149.1 

34.3 

656.4 

1191 

24 

223 

Static margin = -20% 

184.1 

12.55 



43.0 

5.34 

292.6 

47 

154.8 

24.5 

640.0 

1155 

22 

501 

Static margin = -10% 

183.6 

12.46 



49.7 

5.16 

294.7 



153.9 

25,9 

641 .7 

1159 

22 

569 

Static margin = -5% 

184.6 

12.45 



51 .8 

5.71 

295.8 



153.9 

28.1 

646.9 

1167 

22 

709 

Static margin = 0% 

185.9 

12.50 



53.9 

6.41 

297.1 



157.1 

30.8 

654.0 

1175 

22 

970 

Static mcirgin = 5% 

186.3 

12.28 



58.2 

6.33 

300.2 



154.8 

31 .8 

654.1 

1177 

23 

197 

Static margin = 10% 

1 85.5 

12.10 



66.4 

5,06 

302.5 



151 .2 

29.8 

647.9 

1173 

23 

402 

Static margin = 20% 

187.4 

11.90 



73.4 

5.61 

307.6 



1 

33.5 

655.2 

1185 

23 

807 

Static margin = 20%^ 

186.8 

11.94 



73.3 

5.55 

306.7 




33.2 

652.3 

1 1 81 

23 

716 

Maneuver margin - 0% 

184.3 

12.37 



54.5 

5.11 

298.1 



153.7 

27.0 

644.6 

1164 

22 

907 

Maneuver margin = 10* 

185.4 

12.20 



60.4 

5.54 

300.2 



152.8 

29.9 

648.6 

1172 

23 

198 

Time to double = 55 sec 

184.5 

12.19 



59.1 

4.63 

299.3 



151 .4 

26.6 

641 .9 

1163 

23 

077 

Time to double = 40 sec 

184.0 

12.10 



59.1 

4.61 

299.7 



150.4 

26.6 

640.6 

1162 

23 

080 

Time to double = 20 sec 

183.7 

1 



56.8 

4.88 

299.9 



149.8 

26.9 

640.1 

1161 

23 

027 

Time to double = 3 sec 

181 .6 

1 



43.8 

4.95 

296.8 



147.3 

23.6 

630.2 

7146 

22 

599 


^Military level specifications from MIL-F-8785B (ref. 74) , 

active control systems included in cost or weight estimates. 


SAMPLE 


Some 


'D,0,W 

1.0078 

.0079 

.0079 

.0080 


.0079 

.0080 


OONPIQURATIONS GENERATED DURING STUDY 


dependent design 

variables 





Performance indices 

Co,o,t 

CD,o,tot 

^L,t 

Co,t 

(L/D)i„ax 

millions 
of $ 

$/block hr 

$/block hr 

MDOC 

$/block hr 

IOC, 

$/block hr 

ROI, 

% 

FARE, 
$/seat- km 

0.0037 

0.01 93 

-0.124 

0.0045 

19.1 

15.87 

736 

163 

1978 

904 

12.9 

0.051 

.0032 

.01 90 

-.112 

.0039 

20.1 

15.36 

685 

150 

1904 

900 

14.1 

.050 

.0032 

.01 90 

-.112 

.0039 

20.1 

15.35 

685 

160 

1 904 

900 

14.1 

.050 

.001 8 

.0177 

-.206 

.0028 

21 .4 

14.94 

635 

157 

1836 

897 

15.2 

.049 

.0020 

.0179 

-.179 

.0030 

21 .2 

14.98 

642 

1 

1844 

898 

15.0 



.0021 

.01 80 

-.173 

1 

21 .2 

15.06 

645 

T 

1851 

1 

14.9 



.0022 

.0181 

-.166 

♦ 

21 .2 

15.16 

649 

158 

1 859 

t 

14.7 



.0024 

.0182 

-.154 

.0031 

21 .0 

15.19 

655 

158 

1867 

899 

14.6 



.0026 

.01 85 

-.135 

.0034 

20.6 

15.14 

661 

159 

1 870 

899 

14.6 



.0029 

.0187 

-.123 

.0036 

20.4 

15.28 

673 

159 

1888 

900 

14.3 

.050 

*0029 

.0187 

-.123 

.0036 

20.4 

14.96 

670 

155 

1871 

896 

14.8 

.049 

0022 

.0181 

-.164 

.0031 

21 .0 

15.05 

647 

158 

1853 

898 

14.9 



•0024 

.01 82 

-.149 

.0033 

20.8 

15.13 

656 

1 

1860 

899 

14.7 



.0023 

1 

-.151 

1 

20.8 

15.03 

652 


1856 

1 

14.9 



1 

\ 

-.150 

\ 

1 

15.02 

652 


1856 


1 



f 

.0181 

-.156 

.0032 

* 

15.02 

651 

157 

1855 





.0018 

.0177 

-.199 

.0029 

20.9 

14.86 

639 

155 

1 836 

898 

15.3 

.048 




( 118 ) 
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NONLINEAR AERO 
BASELINE ENGINE 
ETC. 


Figure 1 Schematic diagram representing the constrained parameter 
optimization logic. Numbers in parentheses are number of 
parameters available in OPDOT (ref. 13). 
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Figure 2.- Hierarchy of logic flow for evaluating the 
performance indices. 
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O FLIGHT CONTROL COMPUTER ON BOARD 

□ NO FLIGHT CONTROL COMPUTER 


SAVINGS 
IN MDOC, 
% 



STATIC MARGIN, % MAC 


Figure 3.- Percent savings in modified direct operating cost with respect 
to the baseline configuration as a function of static margin required 
dur ing land ing . 


20°/o STATIC MARGIN 


-10°/o STATIC MARGIN 




S = 186.8 (2016 ft^) 

w 

AR^ = 11.94 

S^ = 73.3 (789 ft^) 

T = 306.7 kN (69 X 10^ Ibf) 


S = 183.6 (1976 ft^) 

w 

AR^ = 12. 46 

S^ = 49.7 (535 ft^) 

T = 294.7 kN (66 X 10^ Ibf) 


Figure 4.- Sketches of two optimally designed airplanes. The left airplane 
is representative of a transport sized with conventional flying 
qualities, and right transport was sized with relaxed static stability 
and requires an RSSAS system for adequate flying qualities. 
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MANEUVER MARGIN, % MAC 


Figure 5.- Percent savings in modified direct operating cost with respect 
to the baseline configuration as a function of minimun maneuver margin 
required in approach. It should be noted that unaugmented aircraft 
with negative maneuver margins would be uncontrollable. 


SAVINGS 
IN MDOC, 

% 



Figure 6.- Percent savings in modified direct operating cost with respect 
to the baseline configuration as a function of minimum time to double 
amplitude in approach. 
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Figure 8.- Sensitivity of percent savings in modified direct operating 
cost with respect to baseline configurations to short-period- 
frequency constraint. 





Figure 9.- Proposed boundaries of longitudinal short-period 
characteristics for specifying flying qualities fron 
reference 8. 
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MIL-F-8785B CRITERIA (REF. 34) 
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LOCATION OF LANDING GEAR, X, /MAC 

ig 


Figure 10.- Impact of maximum aft location of landing gear upon percent 
savings in modified direct operating cost with respect to baseline 
configuration. 


ALLOWABLE C. G. TRAVEL 
-O 1.22 METERS 


-□ .61 METERS 

V 0 METERS 



Figure 11.- Sensitivity of percent savings in modified direct operating 
cost with respect to baseline configuration to allowable center-of- 
gravity travel as a function of required static margin in approach. 


27 



2. Government Accession No. 


3. Recipient's Catalog No. 


1. Report No. 

NASA TP-1760 

4. Title and Subtitle 

ECONOMIC EVALUATION OF FLYING-QUALITIES DESIGN 
CRITERIA FOR A TRANSPORT CONFIGURED WITH RELAXED 
STATIC STABILITY 


15. Supplementary Notes 


16. Abstract 

Direct constrained parameter optimization was used to optimally size a mediim-range 
transport for minimun direct operating cost. Several stability and control con- 
straints were varied to study the sensitivity of the configuration to specifying 
the unaugnaented flying qualities of transports designed to take maximum advantage 
of relaxed-static-stability augmentation systems. Additionally, a number of 
handling-qualities-related design constants were studied with respect to their 
impact on the design. 


page) 21. No, of Pages 22. Pt'c® 

27 A02 


18. Distribution Statement 

Unclassified - Unlimited 


Subject Category 08 


17. Key Words (Suggested by Author (s)) 

Conceptual design of aircraft 
Constrained optimization 
Nonlinear programming 
Economics 
Flying qualities 

Relaxed static stability 
Stability augmentation systems 

20. Security Classif. (of this 

Unclassified 


19. Security Classif. (of this report) 
Unclassified 


7. Author(s) 

Steven M. Sliwa 

9. Performing Organization Name and Address 

NASA Langley Research Center 
Hampton, VA 23665 


12. Sponsoring Agency Name and Address 

National Aeronautics and Space Administration 
Washington, DC 20546 


5. Repoa Date 
December 1980 

6. Performing Organization Code 

505-34-33-05 

8. Performing Organization Report No. 

L-13944 

10. Work Unit No. 

11. Contract or Grant No. 

13. Type of Report and Period Covered 

Technical Paper 

14. Sponsoring Agency Code 



For sale by the National Technical Information Service. Springfield. Virginia 22161 


NASA-Langley, 1980 























